The effect of bottle ageing on the antioxidant activity of Pinotage, Cabernet Sauvignon, Chardonnay and Chenin blanc wines, using the 2,2'-azino-di-(3-ethylbenzothialozine-sulphonic acid) radical cation (ABTS•+) and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH 0 ) scavenging assays, was determined. Storage at 0°C, 15°C or 30°C for a period of 12 months resulted in a significant (p ~ 0.05) decrease in both the total antioxidant activity (TAAAnTs and TAAoPPH) and the total phenol content of the wines. The antioxidant potency of the total phenols of most of the wines, which is a ratio of antioxidant activity to the total phenol content, also decreased. The total anthocyanins in the red wines decreased significantly (p ~ 0.05) over 12 months except for storage at 0°C, while the flavanol content of the Pinotage, Cabernet Sauvignon and Chardonnay wines increased up to nine months storage with a subsequent decrease to 12 months. The flavonol content of all the wines decreased, while only minor changes in their hydroxycinnamate content were observed during the storage period. Understanding the complexity of these reactions may provide clues for stabilising especially red wines to preserve the antioxidant activity without losing the beneficial effects of colouring and flavour development during bottle ageing.
The ability of wines and other foods to prevent free radical-mediated diseases has been investigated recently (Halliwell & Gutteridge, 1990; Davies, 1995; Leake, 1998) . The possible health-promoting properties of wine are related in part to phenolic compounds and their ability to act as antioxidants (Kinsella et al., 1993) . In view of the greater health awareness among the public in terms of their diet, the antioxidant content or antioxidant potential may become a factor in determining the acceptability and marketability of wine and other foodstuffs. More information is, however, needed on the effect of technological factors and storage conditions on the antioxidant parameters of wine prior to consumption. Various technological factors relating to vineyard and vinification practices (Hurtado et al., 1997; Pellegrini et al., 2000) , as well as the effect of cultivar (De Beer et al., 2003) , were shown to alter the phenolic content and antioxidant activity of red and white wines.
Bottle ageing is important for the improvement of red wine quality (Somers & Pocock, 1990) . For white wine it can contribute to quality defects such as non-enzymatic browning and over-maturation, although some white wines may derive shortterm benefit from the development of a characteristic bottle bouquet (Marais & Pool, 1980) . Conflicting reports regarding the effect of ageing on the antioxidant activity of red wines have been *Corresponding author: E-mail address: joubertl@arc.agric.za published. Manzocco et al. (1998) and Okuda et al. (2002) reported a decrease in 2,2-diphenyl-1-picrylhydrazyl radical (DPPH 0 ) scavenging activity for older wines based on the scavenging rate and total radical scavenging activity, respectively. Larrauri et al. (1999) , however, showed an increase in antiradical efficiency (a parameter combining the amount of total phenols needed and the time required to scavenge 50% of the initial free radicals) of red wines with increased ageing status when using the DPPH 0 scavenging assay. In these studies, however, changes in antioxidant activity were not measured over time. Wines of different vintages were analysed in a single experiment. The differences in the original composition and antioxidant activity of the wines, as well as storage conditions, were also not taken into account. Manzocco et al. (1998) analysed two wines only, while Larrauri et al. (1999) used wines matured in wood for different periods. These factors, as well as differences in methodology, i.e. use of different end-points and DPPH 0 concentrations used, could have contributed to the conflicting outcomes of these studies. Zafrilla et al. (2003) report no change in 2,2' -azino-di-(3-ethylbenzothialozine-sulphonic acid) (ABTS) radical cation scavenging during seven months storage at 20°C.
Changes in phenolic composition of red wine occur during bottle ageing, depending on the concentration of the individual phe-7 nolic compounds present, the storage temperature, the presence of oxygen and the sulphur dioxide content (Ribereau-Gayon & Glories, 1986) . Bottle ageing of red wine is the result of mostly anaerobic processes involving the copigmentation and polymerisation of anthocyanins, although some oxygen is present initially (Somers & Pocock, 1990; Dallas & Laureano, 1994) . Copigmentation involves the hydrophobic stacking of anthocyanins with flavanols such as ( + )-catechin and (-)-epicatechin, and a variety of phenolic acids. It is hypothesized to be the first step in the formation of covalent bonds during condensation reactions (Brouillard & Dangles, 1994; Boulton, 2001) . Formation of these complexes is favoured by low temperatures (Mazza, I 995) . Hydroxyl groups, which confer antioxidant activity to phenolic compounds (Rice-Evans et al., 1996) , are generally not involved during condensation reactions (Singleton, 1987) . After condensation, hydroxyl moieties may be less available for reaction with free radical species due to steric hindrance (Yoshida et al., 1989) . A large number of compounds, formed as products of condensation reactions, have been elucidated (Jurd, 1967; Fulcrand et al., 1997; Fulcrand et al., 1998; Remy et al., 2000) . Other reactions in red wines during ageing include self-dissociation of procyanidin dimers yielding monomers and trimers (Haslam, 1980) . Reactions in white wines after fermentation mostly involve non-enzymatic, oxidative browning (Ribereau-Gayon et al., 2000) . Oxidation of ortho-dihydroxyphenolic compounds such as ( + )-catechin, (-)-epicatechin, caffeic acid and other hydroxycinnamic acids leads to the formation of yellow or brown products due to the polymerisation of ortho-quinones (Singleton, 1987; Guyot et al., 1996) . Other constituents of wine such as metal ions and sulphur dioxide can play a role in these oxidation reactions (Singleton, 1987; Cilliers & Singleton, 1990) . Sulphur dioxide and ascorbic acid added to wine are able to reduce the ortho-quinones, while metal ions can catalyse oxidation reactions (Singleton, 1987) . Only limited information is available about the effect of changes in phenolic composition during bottle ageing of white wines on their antioxidant activity.
The aim of the study was to determine the effect of bottle ageing on the antioxidant activity of South African red (Pinotage and Cabernet Sauvignon) and white (Chardonnay and Chenin blanc) cultivar wines in relation to changes in their phenolic composition at different storage temperatures (0°C, l5°C and 30°C) over a 12-month period.
MATERIALS AND METHODS

Wines
Grapes were harvested in February 2000 from the Nietvoorbij vineyards at 23.0°B, 23.5°B, 21.9°B and 20.1°B for Pinotage, Cabernet Sauvignon, Chardonnay and Chenin blanc, respectively. Three batches (replicates) of grapes from each grape cultivar were processed. Wines were prepared according to the standard Nietvoorbij procedure for small-scale winemaking at the ARC Infruitec-Nietvoorbij research institute. The vinification procedure for red wines was as follows: grapes were crushed, inoculated with VIN 13 (30 g/HL) and fermented to 0°B at 24°C after addition of 50 g/HL di-ammoniumphosphate. During this period the cap was punched down three times a day. Before pressing, the free S02 content was adjusted to 50 mg/L. The skins were separated from the juice using a pneumatic press and pressed juice added to the free-run juice. After fermentation was completed, the free S02 content was adjusted to 35 mg/L and 50 g/HL bentonite added. Wines were then cold-stabilised for 2 weeks at 0°C, filtered and bottled in Nrfilled bottles at room temperature with adjustment of the free S02 content to 40 mg/L. The vinification procedure for the white wines was similar to that of red wines, except that pressing occurred directly after crushing. Overnight clarification was done after pressing using pectolytic enzymes and fermentation of white musts occurred at 15°C. No ascorbic acid was added during vinification of white wines.
The wines were stored at 0°C, l 5°C and 30°C for 12 months in dark, temperature-controlled rooms directly after bottling in June 2000. One bottle of each batch and cultivar/temperature combination was sampled at the start of the experiment followed by sampling at 3-month intervals up to 12 months. Aliquots were frozen at -l8°C in plastic screw-top sample holders (40 mL) until analysed. Samples were defrosted and sonicated to dissolve precipitates before analysis, which occurred within one month of sampling. Chemicals
Folin-Ciocalteau's phenol reagent, 4-dimethylamino-cinnamaldehyde (DAC), 6-hydroxy-2,5,7,8-tetra-methylchroman-2-carboxylic acid (Trolox), potassium persulphate (K2S208), ( + )-catechin, gallic acid, caffeic acid and quercetin were obtained from commercial sources (Fluka, Buchs, Switzerland; Riedel-de-Haen, Seelze, Germany; Sigma, St Louis, USA; Aldrich, Steinheim, Germany; Merck, Darmstadt, Germany). The 2,2' -azino-di-(3-ethylbenzo-thialozine-sulphonate) diammonium salt (ABTS) was obtained from Boehringer Mannheim GmbH (Mannheim, Germany). The water was purified and de-ionised with a Modulab water purification system prior to use (Separations, Cape Town, South Africa). Measurement of the ABTS•+ and DPPH· scavenging activity
The total antioxidant activity (TAA) of wines was determined using the ABTS•+ scavenging assay of Re et al. (1999) and the DPPH' scavenging assay of Brand-Williams et al. (1995) , with minor modifications as described in De Beer et al. (2003) .
The concentration of ABTS•+ in the control and samples was calculated using the absorbance readings and the extinction coefficient of ABTS'+, i.e. e = 16 000 (Re et al., 1999) , while the concentration of DPPH" was calculated using a standard curve of known concentrations ofDPPH• against the absorbance at 515 nm: Determination of the phenolic composition Spectrophotometric methods were used to determine the total phenol (Singleton & Rossi, 1965) , anthocyanin (Bums et al., 2000) , flavanol (McMurrough & McDowell, 1978) , flavonol and hydroxycinnamate (Mazza et al., 1999) contents of the wines. The total phenol and flavanol analyses are based on the reaction of polyphenols and flavanols with the Folin-Ciocalteau and DAC reagents, respectively. The anthocyanin determination is based on the difference in absorbance at pH< 1 and pH 3.5 for monomeric and polymeric anthocyanins. The flavonol and hydroxycinnamate determination is based on their absorbance at 320 and 360 nm, respectively. Results were expressed as mg gallic acid equivalents/L (mg GAE/L), mg malvidin-3-glucoside (Mv-3-glc) equivalents/L, mg catechin equivalents/L (mg CEIL), mg quercetin equivalents/L (mg QE/L) and mg caffeic acid equivalents/L (mg CAE/L), respectively. Structures of phenolic compounds from these phenolic groups are shown in Figure 1 as examples. Spectrophotometric measurements were performed on a Beckman DU-65 UV NIS spectrophotometer (Beckman, Cape Town, South Africa) using a 1 cm path length quartz cuvette.
Statistical analysis
Each replicate was analysed in triplicate directly after sampling. Treatment combinations ( cultivar and temperature) within the same storage period were analysed in random order. One-way ANOVA was used to determine whether the means for different treatment combinations differed significantly. Statistical comparison between different treatment combinations was made using the Student's t-LSD test (p ~ 0.05). Correlations between antioxidant parameters and phenolic content were done using Pearson's product moment correlation coefficient. Correlations were deemed to be significant whenp < 0.001. The SAS version 6.12 software package was used for statistical analysis.
RESULTS AND DISCUSSION
Phenolic composition
Total phenol content
The total phenol content of the red wines decreased ( Fig. 2A ) between 10.2% and 16.5% as a function of time at the different storage temperatures. The final total phenol content of Pinotage wines was significantly lower than the initial content, except for Pinotage stored at l5°C (Table 1 ). The decrease of total phenol content occurred faster at higher temperatures, as significant differences (not shown) from the initial values were observed after a shorter time. No further decrease in total phenols occurred from nine to 12 months storage. However, after 12 months storage there were no significant differences in total phenol content of wines stored at different temperatures (Table 1) .
White wines exhibited a decrease in total phenol content ( Fig. 2B ) of between 5.7% and 17.2% during storage at the different temperatures. As for red wines, storage at higher temperatures caused a faster decrease in total phenol content. The final total phenol content of Chardonnay and Cherrin blanc wines stored at 30°C was significantly lower than with storage at 0°C (Table 2) .
A decrease in the total phenol content of red and white wines indicates a loss of reactive hydroxyl groups (Singleton et al., 1999) due to the oxidation of phenolic compounds (Singleton, 1987) . Furthermore, some condensation reactions involving the hydroxyl moieties of anthocyanins could have contributed to this phenomenon (Remy-Tanneau et al., 2003) . The incorporation of monomeric phenolic compounds into polymeric structures might reduce their reactivity with the Folin-Ciocalteau reagent due to steric hindrance. Representative structures for the major phenolic groups present in wine.
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FIGURE2
Change in the total phenol content of bottled red (A) and white (B) wines during storage at 0°C. 15°C and 30°C (P = Pinotage; CS = Cabernet Sauvignon; Char= Chardonnay; Chen= Chenin blanc). "Values at zero months of storage; bValues at 12 months of storage; cTotal phenol content expressed as mg gallic acid equivalents/L; dAverages in a row followed by different letters differ significantly (p ~ 0.05); esD; fAnthocyanin content expressed as mg malvidin-3-glucoside equivalents/L; gFlavanol content expressed as mg catechin equivalents/L; hFlavonol content expressed as mg quercetin equivalents/L; iHydroxycinnamate content expressed as mg caffeic acid equivalents/L.
The temperature-dependent decrease in the total phenol content of Pinotage occurred sooner than for Cabernet Sauvignon, while the decrease for Chenin blanc was faster than for Chardonnay. It is not known whether specific combinations of phenolic compounds could have a more stabilising effect on the change in phenolic composition, such as in the case of Cabernet Sauvignon and Chardonnay wines.
Anthocyanin content
The most noticeable change in red wine phenolic composition during ageing was observed for the monomeric anthocyanin content (Fig. 3A) . Temperature had a significant effect on the final monomeric anthocyanin content (Table 1 ). An increase in temperature accelerated the decrease in monomeric anthocyanin content, resulting in an average reduction of 11.8%, 33.6% and 84.8% for storage at 0°C, 15°C and 30°C, respectively. The general trend observed for the total anthocyanin content was similar to that for the monomeric anthocyanin content.
The polymeric anthocyanin content (Fig. 3B ) did not change significantly over the 12-months storage period at 0°C and 15°C for both Pinotage and Cabernet Sauvignon, but at 30°C a significant decrease of approximately 21.3% was observed (Table 1) .
Previously, it was shown that individual anthocyanins, and especially monomeric anthocyanins, decreased faster when stored at a higher temperature (Somers & Pocock, 1990) . Apart from temperature, the presence of oxygen would also increase anthocyanin degradation (Ribereau-Gayon et al., 2000) . However, Nagel & Wulf (1979) demonstrated a marked decrease during a seven-month period in anthocyanin content of wines (flushed with nitrogen) stored between 20°C and 22°C, indicating the role of other factors. Results similar to those of Nagel & Wulf (1979) were obtained by Gomez-Plaza et al. (2000) for a bottled red wine (not flushed with nitrogen) stored at ambient temperature (daily min. between 8°C and 22°C; daily max. between l6°C and 36°C) and in a cellar (temperature between 15°C and 20°C) TABLE2 Initial and final phenolic composition of bottled white wines stored at different temperatures. for up to one year. In both cases a decrease in individual anthocyanin concentrations was demonstrated. The decrease in the total and monomeric anthocyanin contents of Pinotage and Cabernet Sauvignon wines in the present study could therefore be attributed to the combined effect of thermal degradation, oxidative degradation and condensation reactions with other phenolic compounds such as flavanols and hydroxycinnamates (Timberlake & Bridle, 1979; Somers & Pocock, 1990; Ribereau-Gayon et al., 2000) . These condensation reactions also lead to the stabilisation of red wine colour due to the formation of polymeric pigments (Somers & Pocock, 1990) . No increase in polymeric content was, however, observed using the pH shift method. This is presumably due to the insensitivity of the method or a too short storage time for this study. Pyranoanthocyanins such as vitisin A and pinotin A are less susceptible to colour loss with increased pH than monomeric anthocyanins and will be included in the polymeric anthocyanin estimation (Schwarz et al., 2004) .
Flavanol content
Changes in the flavanol content of the red wines during storage are shown in Fig. 4A . The flavanol content of red wines increased significantly (not shown) up to nine months storage with a subsequent significant decrease (not shown) to 12 months for Pinotage (l5°C and 30°C) and Cabernet Sauvignon (30°C). Subsequently, at 12 months storage, the final flavanol content of all cultivar/temperature combinations, except for Cabernet Sauvignon wines stored at 0°C, did not differ significantly from the initial values (Table 1 ) . The final flavanol contents of Pinotage and Cabernet Sauvignon wines stored at 30°C were significantly higher than the same wines stored at 0°C (Table 1) . Cabernet Sauvignon also exhibited a significantly higher final flavanol content for storage at 30°C compared to l5°C (Table 1 ).
The changes in flavanol content for Chardonnay wines (Fig.  4B ) follow a similar trend to that of red wines. The flavanol content of Chenin blanc remained stable during storage (Fig. 4B) . At 12 months storage no significant differences between the initial and final flavanol content were observed ( Table 2 ). The flavanol content of Chenin blanc wines was near the detection limit of the DAC assay, possibly the reason for no change being observed during storage. The large difference in flavanol content between Chenin blanc and Chardonnay wines is possibly due to differences in ripeness as well as cultivar-related differences.
A previous study has shown that bottled white wines subjected to an accelerated browning test (50°C) exhibited an increase in flavanol content after 12 weeks, with a simultaneous decrease in proanthocyanidin content (Mayen et al., 1997) . The flavanols, ( + )-catechin and ( -)-epicatechin, of bottled red wines decreased in concentration during storage (Nagel & Wulf, 1979; Gomez-Plaza et al., 2000) , while no significant change in the content of dimers, procyanidin B2, B4 and BS, was observed (Gomez-Plaza et al., 2000) . Flavanols could participate in condensation reactions with anthocyanins in red wines (Jurd, 1967; Timberlake & Bridle, 1976) , which would contribute to the decrease in flavanol content of Pinotage and Cabernet Sauvignon wines after nine months (Fig. 4A) . The higher final flavanol content observed for red wines stored at 30°C could be due to differences in the extent of the reaction of flavanols with anthocyanins at higher temperatures (Mazza, 1995) , although this was not observed in Pinotage wines. The anthocyanin level decreased significantly at this temperature and less anthocyanins would be available for reaction.
Furthermore, the method of determining flavanol content used in the present study depends on the reaction of flavanols and proanthocyanidins with DAC. When reacting with DAC, (+)-catechin and (-)-epicatechin exhibit a much higher colour yield than dimeric or trimeric proanthocyanidins (McMurrough & McDowell, 1978) . It is well known that disproportionation of proanthocyanidins can occur, with the resultant formation of a flavanol monomer and other products, causing a reduction in the mean degree of polymerisation (Timberlake & Bridle, 1976; Haslam, 1980; Ribereau-Gayon et al., 2000) . A reduction in mean degree of polymerisation was noted by Vidal et al. (2002) during storage of proanthocyanidins in the presence of monomeric flavanols in a wine-like solution. As the reactivity of monomers and oligomers in the DAC assay differs, changes in the degree of polymerisation could account for the apparent initial increase in flavanol content (Figs 4A and B) .
B. 
Flavonol content
The flavonol content decreased significantly over the storage period for most of the red wine cultivar/temperature combinations, except for Pinotage at l5°C and Cabernet Sauvignon at 0°C (Table 1) . The white wine flavonols were also significantly reduced (Table 2) , but not to the same extent as those of the red wines. The different storage temperatures had no significant effect on the final flavonol content of the wines.
The decreased flavonol content in both red and white wines is presumably a result of oxidative degradation as this phenomenon was not temperature-dependent (Singleton, 1987) . Previously, a decrease in flavonol content of white wines stored in contact with air for 30 days at 20°C was demonstrated using HPLC (Mayen et al., 1996) . Zafrilla et al. (2003) reported a decrease in flavonol glycoside content coinciding with an increase in flavonol aglycon content, suggesting hydrolysis of flavonol glycosides during storage for seven months at 20°C. If hydrolysis of flavonols occurs, the aglycons could also precipitate due to their poor solubility, thereby contributing to the decrease of this phenolic group.
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FIGURE4
Change in the flavanol content of bottled red (A) and white (B) wines during storage at 0°C, 15°C and 30°C (P = Pinotage; CS = Cabernet Sauvignon; Char = Chardonnay; Chen= Chenin blanc).
Hydroxycinnamate content
The hydroxycinnamate content of Pinotage and Chardonnay did A.
not alter during the storage period irrespective of the temperature (Tables 1 & 2) . For Cabernet Sauvignon and Chenin blanc, the hydroxycinnamate content was significantly increased (Table 1 & 2) between 8% and 9%, respectively, after 12 months storage at 30°C.
The increase in hydroxycinnamate levels for Cabernet Sauvignon and Chenin blanc wines is contrary to results of previous studies. Mayen et al. (1997) showed that the hydroxycinnamate content decreased during an accelerated browning test of bottled white wines over a period of 12 weeks at 50°C. Two other studies on red wines described a decrease in the levels of caffeoyl-and p-coumaroyltartaric acid (the two major hydroxycinnamates in wine) during storage for one year at ambient and cellar conditions (Gomez-Plaza et al., 2000) and for seven months between 20°C and 22°C (Nagel & Wulf, 1979) . The higher sensitivity of the HPLC methods used by Gomez-Plaza et al. (2000) and Nagel & Wulf (1979) compared with the spectrophotometric estimations used in the present study possibly explains the different trends observed.
Antioxidant activity
The total antioxidant activity (TAAABTs) of the red wines decreased at 0°C, l 5°C and 30°C as a function of time (Fig. 5A) , with Pinotage exhibiting higher TAAABTs and TAAnPPH values than Cabernet Sauvignon (Table 3) . The TAAABTs and TAAnPPH values for the red wines decreased significantly (Table 3 ) on average by 18.6°C and 34.5%, respectively, over the 12-month storage period. Only in the case of Cabernet Sauvignon did storage temperature have an effect on the final TAA values, with a significantly lower value being observed for storage at 30°C compared to 0°C at 12 months (Table 3) .
Chardonnay exhibited higher TAA values than Chenin blanc. The TAAABTs and TAAnPPH values for the white wines decreased (Fig. 5B) on average by 18.9% and 50.2%, respectively. Storage temperature had no significant effect on the final TAAABTS of Chenin blanc, while Chardonnay exhibited significantly lower final TAAABTs values at 30°C (Table 4 ). The TAAnPPH values were not significantly affected by temperature at 12 months storage.
In order to take into account the decrease in total phenol content, the AP of the wine total phenols was also calculated. A similar trend as for the TAAABTS and TAAnPPH was noticed for the AP ABTS and APnPPH values at the end of the storage period at the different temperatures for both the red and white wines (Tables 3  &4) .
The present study shows that the efficiency of polyphenols in wines to scavenge free radicals decreased during storage as shown by the decrease in AP. Larrauri et al. (1999) , however, reported an increase in antiradical efficiency (a parameter combining the concentration of sample required to obtain 50% scavenging and the time to reach a steady state) and a decrease in EC50 value with increasing ageing time of red wines. This change was attributed to an increase in tannic acid content, which could be ascribed to the fact that older wines were also subjected to longer wood treatments. The effects of wood maturation and bottle ageing were, therefore, not separated, which makes interpretation of their results difficult. Storage period (months)
FIGURE 5 Change in total antioxidant activity (TAA) of bottled red (A) and white (B) wines during storage at 0°C, 15°C and 30°C (P = Pinotage; CS = Cabernet Sauvignon; Char= Chardonnay; Chen= Chenin blanc). The ABTS radical cation scavenging assay was used to measure total antioxidant activity.
The two free radical scavenging assays used in the present study exhibit similar results in monitoring the antioxidant activity of wines during bottle ageing, because both the TAAABTs and TAAnPPH decreased during storage at all temperatures over a period of 12 months. Differentiation between the temperatures was possible using TAAABTs for Cabernet Sauvignon and Chardonnay wines, while TAAnPPH failed to discriminate between different temperature treatments for any of the cultivars. The AP of wine total phenols calculated from TAAABTs and TAAnPPH did not exhibit the same trends. AP ABTS discriminated better between the initial and final values than APnPPH in the case of Pinotage, while for Chenin blanc the opposite was true. Neither of these measurements differentiated between temperature treatments for the red or white wines, except for AP ABTS in the case of Cabernet Sauvignon. It would appear that the ABTS•+ scavenging assay is the more effective method to differentiate between wines subjected to different temperature treatments resulting in subtle differences in their phenolic composition. avalues at zero months of storage; bValues at 12 months of storage; cTotal antioxidant activity as mM Trolox equivalents measured using the ABTS radical cation or DPPH radical scavenging assay; dAverages in a row followed by different letters differ significantly (p s; 0.05); 0 SD; fAntioxidant potency (AP)= TAA (mM Trolox) X 1000 I total phenols (mg gallic acid equivalents/L).
Correlation analysis
The TAAABTS correlated with the total phenol content for red (r = 0.93) and white (r = 0.91) wines. Of the phenolic groups, flavonols (r = 0.84) and hydroxycinnamates (r = 0.71) in red wines, and flavanols (r = 0.81), flavonols (r = 0.87) and hydroxycinnamates (r = 0.78) in white wines, exhibited a good correlation with TAAABTS· The flavanol (r = 0.49) and monomeric anthocyanins (r = 0.50) content of red wine correlated weakly with TAAABTS· Correlations of the total phenol content and individual phenolic groups with TAADPPH exhibited the same trends (data not shown).
The decrease in total antioxidant act1v1ty could be best explained by the decrease in total phenol content during bottle ageing of red and white wines as shown by the correlation analysis. The underlying changes in the individual phenolic groups are, however, also likely to play a contributory role in the decreased antioxidant activity of the wines. The initial rapid decrease in anthocyanin content of red wines at l 5°C and 30°C may be the major determinants for the decrease in total antioxidant activity, although the initial increase in the flavanol content up to nine months storage could have an opposite effect. Possible hydrolysis offlavonol glycosides (Zafrilla et al., 2003) to the aglycons, which are more potent antioxidants (Rice-Evans et al., 1996) , would also contribute to an increase in antioxidant activity. In addition, it is important to note that the antioxidant activity of the anthocyanins is generally less than that of the flavanols and flavonols (RiceEvans et al., 1996) . These factors would explain the moderate decrease in total antioxidant activity. As the hydroxycinnamate content only changed during storage at 30°C and the flavanol content after 12 months storage was approximately the same as the initial content, the stabilisation of flavonols and anthocyanins seems to be an important target to protect wines against a loss in antioxidant activity. Changes in the phenolic groups determined in the present study gave only a broad picture and quantitative changes in individual phenolic compound levels need to be considered to provide a better understanding of the effect of the altered phenolic composition on the antioxidant activity of wines during ageing.
CONCLUSIONS
The present study shows that distinct changes, mostly decreases, in phenolic group concentrations affected not only the total antioxidant activity, but also the antioxidant potency of wine total phenols. The use of empirical methods estimating phenolic groups gave only a partial explanation of the changes in the antioxidant activity of wines during bottle ageing. Changes in individual phenolic compound levels during ageing should receive attention to fully explain their contribution to the total antioxidant activity of wines. The stabilisation of flavonols and anthocyanins in wines seems to be important in protection against loss of total antioxidant activity.
As wines are not normally consumed directly after production and a decrease of between 18% and 50% in total antioxidant activity could occur even under favourable storage conditions ( l 5°C) during one year, the use of total antioxidant activity values to market wines should be treated with caution.
